RNA-dependent RNA polymerase from turnip crinkle virus-infected turnip transcribes both strands of a virus-associated satellite RNA, sat-RNA C (356 bases), in vitro. While both plus-and minus-strand sat-RNA C can direct the synthesis of full-length complementary-strand products, transcription of minus-strand RNA also generates two non-template-sized products, L-RNA and S-RNA (C. Song and A. E. Simon, Proc. Natl. Acad. Sci. USA 91:8792-8796, 1994). Here we report that synthesis of L-RNA and S-RNA results from terminal elongation of the 3 end of the template. L-RNA has a panhandle structure and is composed of minus-strand template covalently linked to newly synthesized RNA complementary to its 5 190 bases. S-RNA is composed of template covalently linked to its full-length complementary strand. All minus-strand templates tested yielded S-RNA. However, synthesis of L-RNA was affected by deletion of the 3 end of the minus-strand template or several internal regions and base alterations near the 5 end or in an internal sequence immediately upstream from the template-product junction that could potentially form a heteroduplex with the 3 end. Furthermore, mutations that disrupted or restored a stem-loop involved in RNA recombination in vivo affected the level of L-RNA produced in vitro, suggesting that the mechanisms for intramolecular formation of panhandle RNAs and intermolecular RNA recombination involve similar features.
Positive-strand RNA viruses rely on RNA-dependent RNA polymerases (RdRp) for their replication. RdRp that replicate viral genomes appear to be multisubunit enzymes composed of both virus-and host-encoded polypeptides (3, 13, 30) . The absence of proofreading activities during RNA synthesis leads to a nucleotide misincorporation rate of 10 Ϫ3 to 10 Ϫ4 (20, 40) . The ability to recombine RNAs by switching templates or jumping within a template during RNA synthesis is also characteristic of many viral RdRp (22, 36) . As a result, the evolution rate of RNA viruses is substantially higher than that of the DNA genomes of their hosts.
Partially purified and fully purified RdRp can transcribe cognate RNAs in vitro in either a cyclic manner, producing plus strands from plus-strand templates (3, 17, 42) , or a halfcycle synthesis of complementary strands of input plus-strand templates (15, 19, 26, 27, 32, 33) . In addition to synthesizing full-length complementary RNAs, several RdRp were able to synthesize products larger than the input templates in vitro. For example, (i) poliovirus RdRp generated dimer-sized (or nearly dimer-sized) RNA transcripts by initiating complementary-strand RNA synthesis through covalent addition of nucleotides to the 3Ј end, generated by endonucleolytic cleavage of the template at putative stem-loop structures (18, 25, 43) ; (ii) partially purified RdRp from cells infected with flock house virus generated dimer-sized transcripts under certain reaction conditions (42) ; and (iii) RdRp from bacteriophage Q␤ synthesized short nucleotide sequences at the 3Ј end of the template when initiation was suppressed by replacing GTP with ITP in the reaction mixture (2) . It is not known if such 3Ј-terminal extension is universal among RdRp in vitro reactions or if the sequences and/or structures of the RNA templates play a role in the process.
Turnip crinkle virus (TCV) is a monopartite, positive-sense RNA virus consisting of a 4,054-base genomic RNA that encodes five polypeptides (7, 16) . TCV is associated with several subviral RNAs, including satellite RNAs (sat-RNAs), which have no sequence homology to the viral genome, and chimeric RNAs, generated through recombination between the genomic and sat-RNAs (38, 44) .
RdRp that was partially purified from TCV-infected turnip plants was able to synthesize complementary strands of many TCV-associated subviral RNAs by using minus-or plus-strand templates (39) . In addition to template-length products, significant amounts of two products that migrated slower or faster than the full-length form were synthesized from the minus strands of one subviral RNA template under all reaction conditions tested. We now report that the formation of these non-template-length products was due to nucleotide additions to the 3Ј end of the template via a copyback mechanism. Furthermore, the 3Ј and 5Ј ends of the template, an internal guide sequence, and a hairpin structure appear to participate in one copyback event that leads to the production of panhandle-like RNAs.
MATERIALS AND METHODS
RdRp preparation and in vitro transcription. The membrane-containing cell fraction was prepared from leaves of turnip cv. Just Right plants that were infected with TCV genomic RNA, as previously described (39) . After detergent treatment, solubilized proteins were separated on a Sephacryl S500HR column (Pharmacia). In vitro transcription was performed with the second of three RdRp activity peaks, which contained little or no endogenous RNA and was specific for exogenously added TCV-associated RNA templates (39) . One microgram of RNA template was combined with the RdRp-active fraction, and products were labeled by incorporation of [␣- 32 P]UTP (39) and then analyzed on 42-cm gels containing 5% polyacrylamide and 8 M urea. Nuclease S1 treatment of the radiolabeled products was performed as previously described (39) .
Preparation of sat-RNA C templates for in vitro transcription by the RdRp. For preparation of minus-strand templates, oligodeoxynucleotide T7C3Ј (5Ј-GTAATACGACTCACTATAGGGCAGGCCCCCC-3Ј), which contained a promoter for transcription by T7 RNA polymerase and 13 bases complementary to the 3Ј end of minus-strand sat-RNA C, and C5Ј (5Ј-GGGATAACTAAG GGTTTCA-3Ј), which is homologous to the 5Ј end of minus-strand sat-RNA C, were used to amplify either mutant or wild-type sat-RNA C cDNA by PCR, as previously described (39) . For preparation of plus-strand templates, oligodeoxynucleotides T7C5Ј (5Ј-GTAATACGACTCACTATAGGGATAACTAAGG G-3Ј), which contained the T7 RNA polymerase promoter and 13 bases homologous to the 5Ј end of plus-strand sat-RNA C, and C3Ј (5Ј-GGGCAGGCCC CCCGTCCGA-3Ј), which is complementary to the 3Ј end of plus-strand sat-RNA C, were used for the PCR amplification. PCR products were cloned into the SmaI site of pUC19. Following SmaI digestion of the plasmid, plus-or minus-strand templates containing the exact 3Ј and 5Ј sequences were synthesized by using T7 RNA polymerase (23) . After phenol-chloroform extraction and ethanol precipitation, the RNA concentration was determined by measuring the optical density at 260 nm of the in vitro transcription reaction mix and then subtracting the value contributed by the DNA template. Since the DNA is not a template for the RdRp (39), it was not removed from the DNA-RNA mixture.
Construction of mutant sat-RNA C. CAM, CAMSL22, CAM260, CAM628, CAM182, CAM820, CAMP, CAM456, CAMX, CAM177, and CAM118 were described by Cascone et al. (10) . CAMd14 was described by Cascone (8) . CSN was described by Simon et al. (37) . CNL5 was described by Carpenter et al. (5) . pCd3Ј8 was described by Song and Simon (39) . To prepare sat-RNA C cDNA that would generate minus-strand sat-RNA templates with 5Ј deletions of 5 or 22 bases or with four altered bases near the 5Ј end (DM1), oligodeoxynucleotides that contained the T7 RNA polymerase promoter and sequence homologous to the 5Ј end of sat-RNA C, including the deletions or base alterations, were synthesized and used in the PCRs described above. To introduce mutations into the region immediately upstream of the template-product junction, site-directed mutagenesis was performed as described by Kunkel et al. (21) with a partially degenerate oligonucleotide [5Ј-AACCTGGCT(A/C)(A/G)(A/G)(A/G)GGGA (G/T)TCAAAAGAATCC-3Ј].
Oligonucleotide-directed RNase H digestions. Radiolabeled L-RNA and S-RNA, synthesized by RdRp in vitro with DM1 and wild-type sat-RNA C templates, respectively, were gel purified and then hybridized to 10 pmol of oligonucleotide in a 9-l reaction mix containing 4.4 g of yeast tRNA, 20 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 100 mM KCl, and 0.1 mM dithiothreitol. Control reaction mixes contained equivalent amounts of radiolabeled full-length plus-or minus-strand sat-RNA C transcripts produced by in vitro transcription with T7 RNA polymerase. The reaction mixes were heated at 100ЊC for 1 min and then slowly cooled to 40ЊC. One unit of RNase H (Bethesda Research Laboratories [BRL]) was added, and the reaction mixes were incubated at 37ЊC for 30 min. The products were phenol extracted, precipitated, and then subjected to electrophoresis on 42-cm 7% polyacrylamide-8 M urea gels. The oligonucleotides complementary to plus-strand sat-RNA C sequence were C3Ј, 3Ј-terminal 19 bases; 1, positions 12 to 36; and 13, positions 250 to 269. Oligonucleotides homologous to plus-strand sat-RNA C (for detection of minus strands) were C5Ј, 5Ј-terminal 19 bases; 22, positions 115 to 132; and DM4, positions 206 to 223. The numbering of sat-RNA C is according to Simon and Howell (38) .
Cloning the L-RNA template-product junction. L-RNA was synthesized with the DM1 template, gel purified, and then hybridized to oligonucleotide 22 (homologous to positions 115 to 132 of sat-RNA C) followed by digestion with RNase H. The radioactive product was purified and then subjected to reverse transcription (RT)-PCR amplification (6) . RT was performed with oligonucleotide C3Ј (complementary to the 3Ј-terminal 19 bases) and Moloney murine leukemia virus reverse transcriptase (BRL). Oligonucleotides 3, which is complementary to positions 99 to 113 of sat-RNA C, and C3Ј were used for PCR. The ϳ290-bp PCR fragment was gel purified, cloned into the SmaI site of pUC19, and then sequenced.
RACE PCR. One microgram of gel-purified minus-strand sat-RNA C transcripts synthesized by T7 RNA polymerase or of gel-purified L-RNA or S-RNA synthesized by RdRp transcription was polyadenylated with yeast poly(A) polymerase (US Biochemicals) under the conditions recommended by the manufacturer. Amplification of the 3Ј-end sequences of minus-strand sat-RNA C transcripts synthesized by T7 RNA polymerase was done by the RACE protocol (14) , with oligonucleotide 3 as the sat-RNA C-specific oligonucleotide.
RESULTS
In vitro transcription with minus-strand templates results in formation of products that migrate faster and slower than the full-length form. In vitro transcription of plus-strand sat-RNA C (356 bases) with RdRp isolated from TCV-infected plants resulted in the synthesis of one major product that migrated to the position of full-length complementary RNA (Fig. 1, lanes 1 and 2) . Minus-strand sat-RNA C, however, directed the synthesis of three major products, as revealed by polyacrylamide-urea gel electrophoresis: template-length RNA (T-RNA), larger-than-template-length RNA (L-RNA), and smaller-than-template-length RNA (S-RNA) (Fig. 1, lane  3) .
The minus strands of sat-RNA C containing a variety of previously generated deletions were transcribed by the RdRp for initial characterization of the L-and S-RNA products ( Fig.   FIG. 1 . Denaturing gel analysis of radiolabeled products synthesized by in vitro transcription with RdRp from infected turnip. For lanes 1 through 12, ϩ and Ϫ denote products that were treated and not treated with S1 nuclease, respectively. The products shown in lanes 13 to 16 were not treated with S1. Following electrophoresis, gels were stained with ethidium bromide to visualize template RNAs (left panel of each set) and then dried and subjected to autoradiography. The template RNAs, described in Table 1 , are indicated above the lanes. All templates were minus-strand orientation except lanes 1 and 2, which were plus-strand sat-RNA C. The positions of RNA markers (in bases) are shown beside the gels. C, minus-strand wild-type sat-RNA C. L-, T-, and S-RNAs generated from the wild-type minus-strand template (lane 3) migrate at positions of 545, 356, and 180 bases, respectively. It is not known why a species migrating slightly faster than template length is synthesized with some RdRp preparations (compare lanes 13 to 16 with lanes 3, 5, 7, 9, and 11).
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1 and Table 1 ). Deletion of 5 bases from the 5Ј end of the minus-strand sat-RNA C template had no effect on the levels of L-RNA, S-RNA, or T-RNA ( To test the effect that base-pairing between the 3Ј and 5Ј ends might have on synthesis of L-RNA, four bases were altered near the 5Ј end of the minus strand (5Ј-GGGCAGGC to 5Ј-GGGAUAAC; mutant DM1), which would allow eight paired residues with the 3Ј end (3Ј-CCCUAUUG). Transcription of the DM1 template resulted in an approximately fivefold increase in the amount of L-RNA synthesized while slightly decreasing the levels of T-RNA (Fig. 1, lane 5) .
After S1 nuclease digestion, transcripts migrating to the positions of L-RNA and S-RNA were not detected. Rather, three new S1-resistant RNAs were visible on denaturing gels (Fig. 1, lanes 4, 6, 8 , and 10). The high level of the S1-resistant doublet bands migrating near the 180-base position with RNA synthesized from DM1 mutant transcripts (Fig. 1, lane 6 ) and the absence of the doublet bands with C3Јd8, which lacked the L-RNA product (Fig. 1, lane 12) , suggested that the doublets were double-stranded segments of L-RNA. As described below, the S1-resistant species that migrated slightly faster than the T-RNA was derived from S1 treatment of S-RNA (see Fig.  6 ). However, it is not known why this S1-resistant species is not found for C3Јd8 (8-base deletion at the 3Ј end; lane 12).
L-RNA is generated by 3-terminal elongation of the template molecules. When products synthesized in vitro with the wild-type minus-strand sat-RNA C template were subjected to lengthy electrophoresis through 42-cm polyacrylamide-urea gels, L-RNA migrated at a position corresponding to 545 bases. L-RNAs produced with a template containing the 5Ј-terminal 22-base deletion (C5Јd22) or the internal deletion of positions 79 to 100 (CSN) were reduced in size by about 44 and 22 bases, respectively (data not shown). This suggested that the 5Ј end of sat-RNA C was present twice in the L-RNA, while this internal 22-base region was present only once.
From these data, two models were proposed for the formation of L-RNA (Fig. 2) . In the internal-initiation model, the RdRp initiates transcription at or near a stem-loop that is the crossover site for the generation of recombinant RNAs between sat-RNA C and another satellite RNA (sat-RNA D [10] ). After internal initiation near the stem-loop, L-RNA could be generated by the RdRp's transcribing to the 5Ј end of the template and then reinitiating synthesis at the 3Ј end without releasing the nascent RNA; interaction between the two ends of the templates might be important in mediating the reinitiation of transcription at the 3Ј end ( Fig. 2A) . This internal initiation mechanism would produce an RNA containing one full-length plus strand (356 bases) joined to about 185 bases of 3Ј-terminal plus-strand sequence.
A second possible mechanism is terminal elongation, resulting in the formation of a panhandle-like RNA (Fig. 2B) ; the RdRp elongates the 3Ј end of the template by synthesizing a sequence complementary to the 5Ј-terminal region, initiating from a site at or near where recombination occurs. The result- 
a Levels of L-RNA were determined by densitometer scanning of autoradiograms for two to three independent experiments and are expressed as the ratio of L-RNA to T-RNA. Standard deviations are given. The ratio of L-RNA to T-RNA for wild-type minus-strand sat-RNA C was normalized to 1.00, and the ratios for the mutants are expressed as a fraction of the wild-type ratio. The L-RNA/T-RNA value for wild-type C(Ϫ) was 1.38 Ϯ 0.26 (seven independent experiments).
b The ability to recombine with sat-RNA D was assayed by Cascone et al. (10) . Y, yes; N, no; NT, not tested. c The infectivity of the plus-strand RNAs of mutant constructs was described previously (see Materials and Methods for references).
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ant species would consist of full-length minus-strand template and about 190 bases of newly synthesized plus-strand sequence complementary to the 5Ј portion of the minus-strand template. The L-RNA would therefore contain approximately 185 bp of double-stranded sequence and 175 bases of single-stranded, minus-strand sequence.
To distinguish between these two models, 32 P-labeled L-RNA was generated by RdRp-mediated in vitro transcription with minus-strand DM1 as the template (which produced about fivefold more L-RNA than the wild-type template). Gelpurified L-RNA was hybridized to oligonucleotides complementary to either the minus or plus strand of sat-RNA C and then digested with RNase H (Fig. 2C) . Three oligonucleotides which hybridized to the plus-strand sat-RNA C sequence and promoted the digestion of full-length plus-strand transcripts (C3Ј, 1, and 13) did not lead to digestion of the L-RNA (Fig.  2C, lanes 2 to 4) . This suggested that the L-RNA was not generated by the internal initiation mechanism proposed in Fig. 2A . One oligonucleotide (DM4) which hybridized to the minus-strand sequence within the putative double-stranded region of L-RNA produced by template-elongation (Fig. 2B ) also did not promote digestion with RNase H (Fig. 2C, lane 6 ). This lack of cleavage was likely due to the unavailability of the target sequence (see below). L-RNA hybridized to oligonucleotides with sequences complementary to the putative singlestranded sequence of template-elongated L-RNA (C5Ј and 22) was either partially or completely digested following treatment with RNase H (Fig. 2C, lanes 5 and 20) . The sizes of the radiolabeled fragments following digestion were consistent with L-RNA being produced by terminal elongation at an internal sequence. Incomplete digestion of the L-RNA with the C5Ј oligonucleotide may have resulted from the target site's being sterically only partially available for probe binding or RNase H digestion, because of the proximity of the complementary sequences to the double-stranded region (see below).
These results suggest that L-RNA is a panhandle-like RNA composed of both template and newly synthesized sequences. To determine if L-RNA is synthesized in an intramolecular reaction, as shown in Fig. 2B , or a bimolecular reaction, whereby the 3Ј-end extension occurs from a second template molecule, minus-strand sat-RNA C transcripts containing either an 8-base deletion at the 3Ј end (C3Јd8) or a deletion of positions 148 to 161 (CAMd14) were subjected together to in , the occurrence of a bimolecular reaction could allow the normal 3Ј end of CAMd14 to extend on the normal internal region of C3Јd8. No additional L-RNA was synthesized in reaction mixes containing the two templates, however, suggesting that the formation of L-RNA is an intramolecular reaction (data not shown). Cloning and sequencing of the template-product junction. L-RNA generated from DM1 RNA transcripts was gel purified and subjected to full-length amplification by RACE PCR (14) . cDNA products, however, were not generated by this procedure, possibly because of the putative terminal base-pairing between the 5Ј and 3Ј ends. To separate the 5Ј and 3Ј ends, gel-purified L-RNA was hybridized with oligonucleotide 22 (Fig. 3A) , which is complementary to a sequence in the putative single-stranded region, and then digested with RNase H. The single radioactive fragment (ϳ310 bases) was purified and subjected to RT-PCR amplification with primers complementary to the 3Ј-terminal 19 bases (oligonucleotide C3Ј) and positions 99 to 113 of plus-strand sat-RNA C (oligonucleotide 3) (Fig. 3A) . PCR amplification produced cDNA of ϳ290 bp, the size expected if the L-RNA was generated by template elongation, as proposed in Fig. 2B (data not shown) .
Sequencing of 34 L-RNA cDNA clones confirmed that the 3Ј end of the minus-strand template was joined to the nascent plus-strand sat-RNA C sequence (Fig. 3B) . The L-RNA species was found to comprise a population of RNA molecules with slightly different template-product junctions. All clones contained junctions between the 3Ј end of the minus-strand template and positions 167 to 172 of the nascent plus strand. Thirty clones (88%) also contained between one and four nontemplate nucleotides at the junction position, most commonly a single C residue. No other differences were found in the cDNAs. Dimers of sat-RNA C, hypothesized to be generated by a recombination event, frequently have either a single U residue or between one and five additional C residues at the junctions (4, 38); these nontemplate residues are similar to the extra bases found at the L-RNA junctions. Terminal nontemplate nucleotide incorporation activity has also been found for the RdRp of Q␤ bacteriophage (1), peanut stunt virus (11) , and cucumber mosaic virus (12) and from uninfected tomato leaves (34) .
T7 RNA polymerase has also been reported to add one or two nontemplate nucleotides to the 3Ј ends of RNA transcripts during in vitro transcription (28) . Since the minus-strand sat-RNA C templates were produced by in vitro transcription with T7 RNA polymerase, it was necessary to determine the composition of any nontemplate bases already present on the sat-RNA C transcripts. The 3Ј ends of gel-purified minus-strand transcripts were polyadenylated with poly(A) polymerase and then amplified by RACE PCR (14) . As shown in Fig. 3C , seven of nine cDNA clones contained between one and six random, nontemplate bases at the 3Ј ends of the transcripts. This was surprising, since only one or two bases were added to transcripts synthesized in the previous study (28) , although these transcripts were much smaller (12 to 24 bases) than sat-RNA C. The non-template bases that were found on the 3Ј end of the minus-strand sat-RNA C transcripts were more random than the extra bases at the junctions in the L-RNA, suggesting that the TCV replicase was responsible for the additional residues. However, it is also possible that L-RNA is generated by selective elongation of only certain species in the population of minus-strand sat-RNA C templates.
Sequence and/or structure near the internal extension site is important for L-RNA synthesis. Comparison of sequences in minus-strand sat-RNA C located 3Ј to position 167 and at the 3Ј end indicated possible base-pairing between the terminal and internal sequences that might potentiate the 3Ј-end extension (Fig. 4A) . As a preliminary test of this possibility, the sequence from positions 160 to 166 was altered from GG GAAAC to CCCUCCU, which would disrupt the putative heteroduplex between the 3Ј end and the internal region. The mutant template (CmHTR) was subjected to in vitro transcription with RdRp isolated from TCV-infected turnip. The results indicated a decrease of more than eightfold in the amount of L-RNA synthesized with the mutant template compared with the wild-type template (Fig. 4B , lane 2, and Table 1 ; L-RNA was visible in overexposed autoradiograms). In addition, deletion of 14 bases (positions 148 to 161) in the sequence possibly involved in the heteroduplex (CAMd14) decreased the level of L-RNA by a similar amount (Fig. 4B, lane 3, Since low levels of L-RNA were still synthesized with CmHTR and CAMd14, putative priming of the 3Ј end on the internal sequence by base-pairing may facilitate the terminal elongation event but is not absolutely required.
Located only 12 bases 5Ј to position 167 is a stem-loop structure (motif I hairpin [10] ) that is involved in the generation of recombinant molecules between sat-RNAs D and C in vivo (9, 10) . The recombination crossover site is located at the base of the motif I hairpin (positions 174 to 178). Based in part on the sequence similarity between downstream recombination junctions in a variety of TCV-associated recombinant molecules and the 5Ј ends of viral genomic, subgenomic, and subviral RNAs, recombination is thought to occur during plusstrand synthesis: the RdRp dissociates from the minus-strand sat-RNA D template without releasing the nascent RNA and reinitiates synthesis at one of the crossover sites at the base of the motif I hairpin. The motif I hairpin structure might therefore be an internal RdRp recognition signal that directs the template switch by the TCV RdRp in vivo. It is plausible that the same signal may also contribute to the in vitro generation of L-RNA, which, like RNA recombination, involves 3Ј-terminal elongation. To test this postulation, minus-strand RNAs derived from a variety of constructs previously used to assess the effect of point mutations in the motif I hairpin region on recombination in vivo were assayed for their ability to generate L-RNA (Fig. 5A and Table 1 ). The levels of L-RNA synthesized are presented as a ratio of L-RNA to T-RNA in Table 1 to normalize for possible discrepancies in sample loading, to compare between different experiments, and to account for mutations that affect overall template efficiency and not L-RNA synthesis specifically. As can be seen from Fig. 5B , the level of T-RNA (and S-RNA) did not vary substantially among the wild type and mutants; therefore, the ratio of L-RNA to T-RNA obtained with these mutant templates is an approximation of the increase or decrease in L-RNA levels compared with the wild type.
Four of five alterations previously found to eliminate detectable recombinants reduced the amount of L-RNA synthesized to between 7 and 17% of the wild-type level without substantially affecting the synthesis of T-RNA or S-RNA (CAM182, CAM260, CAMP, and CAMd14; Fig. 5B, lanes 3, 5, and 7 ; Fig.  4B, lane 3) . Two of these mutants (CAM260 and CAM182) involved single base alterations in the stem of the hairpin (U to G at positions 184 and 182, respectively), predicted by computer secondary-structure analysis to markedly alter the structure of the region (10). Compensatory changes, designed to ''correct'' for the mutations in CAM260 and CAM182 by conversion from wild-type UA to GC in the hairpin stem (CAM628 and CAM820; see Fig. 5A ), restored RNA recombination (10) and produced L-RNA levels that were 4.9-or 3.4-fold higher than the L-RNA levels found for the single mutations (Fig. 5B, lanes 4 and 6) . In addition, all mutations near the recombination crossover site that were previously found to permit the accumulation of recombinants in planta produced high levels of L-RNA in vitro, between 46 and 276% of the wild-type level (CAM, CAM177, CAM79, and CAMX).
Although our results suggest a correlation between the ability to recombine and the ability to synthesize large amounts of L-RNA, there were two exceptions that should be noted. CAM118, which contains an A to U alteration at position 189 in the hairpin stem, generated 62% of the wild-type level of L-RNA, similar to several of the mutations that did not affect recombination (Fig. 5B, lane 8) . The computer algorithm predicted a substantially altered hairpin structure for RNA containing this mutation, and no recombinants were detected in vivo. Furthermore, deletion of bases 57 to 78 (CAMSL22), which resulted in noninfectious transcripts (10) , substantially reduced the level of L-RNA while allowing recombination (see Fig. 1, lane 16 ). This deletion, however, was nearly 100 bases upstream of the recombination crossover site and may have had an effect on L-RNA synthesis that was unrelated to sequence and structural requirements for recombination.
S-RNA is also produced by 3-terminal extension of the minus-strand sat-RNA C template. In vitro transcription of the minus-strand sat-RNA C template with isolated RdRp also produced a major product (S-RNA) that migrated at the 180-base position on polyacrylamide-urea gels. The inability to amplify S-RNA by RACE PCR and to digest gel-purified S-RNA with RNase H and any plus-or minus-strand-specific oligonucleotides suggested that S-RNA was not a singlestranded product generated by internal initiation and/or premature termination (data not shown). When gel-purified S-RNA was subjected to S1 nuclease digestion, two bands that migrated near the position of full-length complementary strands were generated (Fig. 6, compare lanes 2 and 3) . These results suggest that S-RNA is a double-stranded hairpin RNA, with the nascent strand covalently bound to the 3Ј end of the template. This product therefore resembles the dimer-sized transcripts produced by poliovirus RdRp (43) .
DISCUSSION
We have identified two non-template-length RNAs generated by in vitro transcription of minus-strand sat-RNA C with partially purified TCV RdRp: the hairpin-like S-RNA, composed of template covalently linked to its complementary strand, and panhandle-like L-RNA, composed of template and covalently linked newly synthesized RNA complementary to the 5Ј 190 bases of the minus-strand sat-RNA C template.
Hairpin-like products that migrated much faster than T-RNA on acrylamide-urea gels were generated for all mutant RNAs subjected to in vitro transcription with the RdRp (39, 39a; this report). Synthesis of RNAs with panhandle-like characteristics only occurred when minus-strand templates with wild-type 3Ј ends or with a deletion of 114 3Ј-terminal bases were used (39) . This suggests that, unlike synthesis of S-RNA, synthesis of L-RNA has specific 3Ј-end sequence requirements. In addition, deletions and base alterations in several regions of sat-RNA minus strands affected the synthesis of L-RNA but not S-RNA. Deletion of positions 148 to 161 (CAMd14) or alteration of bases 160 to 166 (CmHTR) led to greatly decreased levels of L-RNA, which could have resulted from disruption of putative base-pairing with the 3Ј-end sequence. Deletion of bases 57 to 78 also abolished L-RNA synthesis, possibly because of altered secondary structure affecting the 3Ј end and/or internal regions.
If a duplex between the 3Ј end and sequences at positions 143 to 166 facilitates the priming of 3Ј-terminal extension, then it is unclear why altering four nucleotides near the 5Ј end (DM1) induced higher levels of L-RNA synthesis (see Fig. 1,  lane 5) . Furthermore, the 5Ј end is not required for L-RNA synthesis; deletion of five bases at the 5Ј end had no effect on L-RNA levels, while deletion of 22 bases reduced the level of all products (see Fig. 1, lanes 7 and 9) . One possible explanation is that there are several different structural conformations that can lead to 3Ј-terminal extension: one promoted by heteroduplex formation at positions 143 to 166, and the second involving interaction between the 3Ј and 5Ј ends. Interestingly, a structure can be formed in which base-pairing between the 3Ј and 5Ј ends, and between sequences near the 5Ј end and downstream from the recombination stem-loop, may aid in positioning the 3Ј end near the internal extension template (Fig. 7) . Sequence and structural elements near the crossover site in sat-RNA C where recombination occurs with sat-RNA D appear to influence the synthesis of L-RNA. Mutations that disrupted the stem or loop (with the exception of CAM118) of a hairpin required for recombination decreased the level of L-RNA, while compensatory mutations that reformed the stemloop structure increased the level of L-RNA synthesized over levels produced by the single mutations. One compensatory change (U-182 to G and A-205 to C [CAM820]), however, resulted in only 24% of wild-type L-RNA levels. This suggests that sequence as well as structural requirements in the region can influence the synthesis of L-RNA. From our results with recombination among TCV-associated RNAs, we believe that this stem-loop, which includes a sequence similar to the 5Ј end of TCV genomic RNA and other recombination junctions, may serve as an RdRp internal recognition signal. For synthesis of L-RNA, the RdRp may interact with the stem-loop and elongate from the 3Ј-end hydroxyl group of the nearby heteroduplex. Alternatively, disruption of the stem-loop may perturb the structure of the region involved in heteroduplex formation with the 3Ј end.
It is possible that L-RNA and S-RNA are only produced under artificial in vitro conditions and not in TCV-infected plants. L-RNA was not infectious when inoculated with TCV genomic RNA onto turnip plants (data not shown), suggesting that even if present in infected cells, L-RNA is likely a nonproductive product of viral RNA replication. Hairpin RNAs derived from the viral genomic RNA, however, have been detected in cells infected with poliovirus (31, 43) , and defective interfering RNAs with hairpin and panhandle structures have been found in cells infected with two negative-strand RNA viruses, vesicular stomatitis virus and Sendai virus (35) . In the former case, the hairpin RNAs are believed to be dead-end RNA products generated by terminal elongation after nicking at stem-loop structures on the template (31) . In the latter case, the panhandle-like defective interfering RNAs may play a role in modulating the balance between transcription and replication (41) .
Since 3Ј-terminal extension of RNA on an RNA template occurs during RNA-RNA recombination, and since mutations that affect the synthesis of L-RNA also affect RNA recombination, it is possible that some examples of RNA recombination that cannot be explained by the processive heteroduplexmediated model of brome mosaic virus (29) may occur by nonprocessive extension of primers. In this terminal-elongation mechanism, the 3Ј-end sequences of a ''priming'' RNA forms a limited heteroduplex with a template RNA near an RdRp recognition structure or sequence; after binding to this heteroduplex recognition signal complex, the RdRp elongates from the 3Ј-end hydroxyl group of the priming RNA, forming a recombinant RNA composed of the original priming RNA and newly synthesized RNA complementary to the template RNA. Some recombinant molecules associated with TCV (6, 6a) and flock house virus (24) have short regions of basepairing at crossover sites at a frequency higher than expected for a purely random occurrence. However, for both TCV and flock house virus, numerous recombinants that would have mismatched terminal nucleotides are formed, indicating that pairing of the terminal nucleotide is not a requirement for recombination. The acquisition of cellular RNA by RNA viruses (22) could also have occurred by primer extension, with tRNAs or RNA fragments generated by RNA degradation providing a source of primers for RNA recombination. 
